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This résumé is intended to reflect, in a broad way, the results of the work 
covered in full in the rest of the dissertation, and it is organized as a summary of 
each chapter as well as it represents a review of the overall themes, which 
pertain to the field of particle agglomeration technologies. 
The most common reason for size enlargement by agglomeration is, as the 
term implies, the desire or need to obtain larger particle dimensions. As a 
further result of this physical modification of the original particulate solids, it is 
found that the characteristics of the new product are changed, improving the 
initial ones. 
Some important advantages of agglomerated products are no segregation of 
co-agglomerated materials, fewer losses by spreading, improve storage and 
handling characteristics, reduce bulk volume and controlling final porosity or 
water solubility. 
To be more specific, the aim of this thesis comprises the study of three 
pulverized carbonates of different nature and physicochemical properties with a 
common objective: to increase their particle size in order to form a granulated 
product. 
The research work deals basically with the following issues: 
 Characterization of the three different carbonates 
 Investigation of the flow properties 
 Behaviour under uniaxial pressure 
 Analysis of binary mixtures 
 Evaluation of the mechanical resistance 
 Pilot scale roll-press experiments 
SUMMARY AND CONCLUSIONS
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In Chapter 2, agglomeration techniques are described from a technological 
point of view focusing on key aspects and process engineering concepts, 
associated with each methodology. 
Based on the underlying theory, the analysis of the available agglomeration 
methods revealed that powder compaction is the most suitable procedure to 
achieve stable granules with the three carbonates studied, because of the 
simplicity of the equipment implied and the absence of drying stages or binder 
addition. 
The benefits of agglomeration techniques are also described and the conflictive 
aspects inherent to this kind of processes are highlighted. 
The bonding mechanisms are described with special emphasis in two 
alternatives: wet granulation and dry pressure compaction technologies 
describing the main factors that influence the success of the particle size 
enlargement process. 
In relation with the granulation techniques, the distribution of the binder drops 
along the surface of the pulverized material and its penetration inside the 
powder bed represents a key factor, as well as, the growth stages because of 
their direct impact on relevant properties of the final granule such as porosity, 
size, structure and resistance. 
In contrast, in the compaction methods the response of the powder bed when 
acting external pressure along it, and the evolution of the density, depends 
basically on the packing properties and on the friction forces influenced by its 
particle size distribution, particle shape and the air contained inside the 
micropores. 
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In accordance with this, it is worth emphasizing that the permeability of the 
powder determines the aptitude to release the air through the formed structure 
as consequence of the lower porosity. 
Some properties which can influence a higher compact resistance are: a low 
elastic deformation, a high plastic deformation or a high surface roughness, and 
this resistance is dependent of the deformation degree that takes place at the 
contact points between particles. 
Other alternative agglomeration methods are also incorporated, in order to give 
a panoramic view of this industrial discipline, and some process engineering 
considerations are noted as the stages of binder addition, mixing equipment, 
recycling lines, drying, post-treatment units, etc. which make this methods 
attractive from the economical point of view. 
Chapter 3 refers to the characterization of the samples of the three carbonates 
(CA, MG and RE), commercially available as soil amendments, and the analysis 
of their physical and chemical properties was carried out using appropriate 
techniques. 
The objective here is to increase the understanding of the relationship between 
the physical properties and the chemical composition, in order to determine and 
optimize how they affect the compression process and, in consequence, the 
mechanical behaviour of the compacts formed. 
Measuring the powder samples by Laser Diffraction, the particle size distribution 
curves were established and the most relevant result obtained shows a 
narrowed curve for the magnesium carbonate MG and a lower dispersion 
coefficient. (Figures 3.5 and 3.6) 
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On the other side, Scanning Electronic Microscopy (SEM) gives morphological 
information about the powder’s surface and it allows a precise study of the 
microstructure of the three carbonates.  
The most important feature of these experiments was finding that calcium 
carbonate from marine origin, (RE), is formed by needle-shaped particles whilst 
the other carbonates are formed by granular particles (CA and MG). (Figures 
3.15, 3.16 and 3.17) 
These differences in the morphology of the particles affect directly the contact 
area between them, with this fact contributing to different contact forces and 
consequently diverse behaviour under compaction, and in consequence a 
different mechanical resistance of the compacts formed. 
The experimental data tend to confirm the idea that the influence of particle 
shape is a dominant effect in the compaction process, particularly the 
morphology of RE determines its compression rate when acting low pressures, 
being conditioned as well by its higher initial porosity.  
This carbonate presents also a higher brittle character than the other 
carbonates studied, and it presents a higher deformation and better packing 
capacity which influence a higher volume reduction. 
In order to elucidate the crystalline species present in each carbonate, X-Ray 
Diffraction was used, comparing the obtained diffraction data of the powders 
against an existing database.  
With respect to the chemical composition of each carbonate, the percentage of 
Al2O3, Fe2O3, CaO, MgO, K2O and SiO2 was determined by atomic absorption 
spectroscopy. (Table 3.8) 
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The results confirm the higher ratio of MgCO3 present in the MG sample as 
magnesite such a considerably higher percentage of MgO, which undoubtedly 
influence its behaviour. 
It is worth mentioning here the predominance of calcite as constituent of the 
carbonate RE as well as the presence of calcite, quartz, dolomite and 
muscovite as constituents of the calcium carbonate CA. 
Powder compressibility is a key to flow behaviour, especially in volume-
constrained flows.  Under small loads, the particles may be pushed into the void 
spaces, causing consolidation which may progress until the individual void size 
is less than the particle size. 
For the determination of compressibility different parameters were used: 
calculation of the tap density, Hausner ratio, Carr's index and estimation of 
Kawakita model parameters. 
To complete the physical characterization, it was also measured surface area, 
porosity, pycnometric density, bulk density, and permeability of the samples. 
Chapter 4 deals with the investigation of the flow properties of the three 
carbonates, and its dependence on the characterization parameters as well as 
its influence on the agglomeration process. 
The work done compares the flow factors for each carbonate indentifying their 
behaviour and relating the results obtained with the findings in the fluidization 
tests, the shear cell tests and with the FT4 Freeman Rheometer tests. 
These tests series allow the simulation of the operations of handling and 
processing of these materials and the estimation of parameters in order to 
compare their flow properties. 
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Shear tests were carried out using a Schulze Ring Shear Tester, providing data 
in relation with cohesive forces, friction forces and how they affect the flow of 
each carbonate powder. 
From the results obtained, it should be noted that magnesium carbonate (MG) 
presents better flow properties relative to the other calcium carbonates mainly 
due the physical factors of its individual particles (lower particle size, 
morphology) and due to lower cohesive forces. (Tables 4.1, 4.3 and 4.9) 
After analyzing the most significant differences that determine the behaviour of 
the bulk materials, along Chapter 5, a thorough study based on the response 
when the carbonates are subject to uniaxial compression is carried out. 
An examination from the perspective of theoretical models is presented with the 
intention to explain the behaviour of each carbonate and reflecting the 
dependence with physical indicators. 
Moreover, the comparison of the evolution of variables like porosity, apparent 
volume or relative density with pressure variations, provide valuable information 
and reveal the differences among the three carbonates. 
The yield pressure, Py, was determined over ranges of applied pressure from 
the linear portion of the Heckel plots which gave the best fit for the data points 
by using suitable software since the reciprocal of the slope can be regarded as 
numerically equal to the elastic limit and flow stress of a material. (Figure 5.13) 
A lower yield pressure indicates greater plasticity of the calcium carbonate CA. 
As expected, the values obtained show a high hardness and a fragile behaviour 
characteristic of their compaction behaviour of brittle fracture.  
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Kawakita plots for the carbonate powders gave a linear relationship. The 
constants indicate the behaviour of the powders from the bulk density state to 
higher density states (flowability and cohesiveness). (Figure 5.15) 
Additionally, the Cooper-Eaton model has been used; it assumes that the 
densification process takes place in two different stages, achieving the 
assignment of somehow a physical significance to the constant parameters of 
this equation. (Figure 5.17) 
By analyzing data from the force-displacement curves, the values of specific 
energies involved in the compaction process can be extracted, to estimate in a 
practical way the net compression work necessary to construct compacts from 
CA, MG and RE. (Figures 5.22, 5.24 and 5.27) 
In connection with this matter, the net compression work necessary to construct 
compacts using samples of the carbonates studied in this thesis, shows that it 
varies depending on the compaction pressure applied, but in all cases is greater 
for magnesium carbonate. 
The investigation of the behaviour of binary mixtures of the three carbonates is 
undertaken using different formulations, varying the content of each. The main 
purpose is to verify the hypothesis based on the synergy effects on their 
physical and chemical characteristics with the aim of improving the behaviour in 
compaction. 
The densification behaviour and the compaction properties are strongly 
influenced by the characteristics of the mixture since the ability of formulated 
powders to form satisfactory compacts depends on their plastic deformation and 
on their elastic recovery during decompression. 
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Also, the three carbonate powders are analyzed using the model of Kawakita 
and the net compression work necessary to construct the tables as well as the 
elastic work involved, is determined. 
It is observed the non linear dependence of the parameters a and 1/b for the 
mixture MG-RE, and the reduction in the net compression work necessary to 
construct the tablets when the proportion of RE is increased. (Table 5.9) 
The possibility of incorporating calcium sulphate hemihydrate as an additive to 
enhance the compressibility of the carbonates is evaluated, with mixtures 
containing fifteen per cent by weight, and subjecting duplicates of each sample 
to the same protocol. (Table 5.12) 
It is established that this binder can act as a lubricant reducing the friction 
between the individual particles of the carbonates and increasing the 
effectiveness of compaction, as is clearly deduced from the analysis of the 
Kawakita parameters and the corresponding force-displacement profiles. 
Finally, a detailed evaluation of the mechanical resistance of the compacts 
prepared is carried out using a tester developed in-house, Figure 5.50, as a 
comparative method. This resistance depends on the number and hardness of 
the bonds created between the particles during the consolidation phase. 
The force required to break a compact and the abrasion resistance are a 
measure of the cohesion between particles. Generally, both variables take 
higher values with increasing compact density, as a function of pressure 
reached. 
The device used for the measurements provides information about the strength 
of the bonds formed, and about the structure of the compacts and it is a variant 
of the classical radial or axial compression methods. 
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Once the compact is located exactly in the center of the void space, a piston is 
gradually forced to descend by the uniaxial press, and readings of the force 
exerted at a constant speed of 1 mm/min are made by the data collection 
system. 
This test is particularly appropriate because of the structure of the specimens 
employed, and provides the real value of the resistance in the geometric center 
of the compacts, as well as being fast, simple and reproducible. 
The correlation between the mechanical resistance, determined by the 
proposed method, and the net compression work necessary for their 
elaboration, indicates that the calcium carbonate CA is obtained with a higher 
final compact strength, requiring a lower specific energy on its development. 
However, this tendency is not so clearly reflected for the carbonates MG and 
RE because their preparation requires a higher specific energy reaching lower 
values of mechanical strength. 
In the particular case of marine-origin carbonate RE, it is observed some 
degree of fragmentation of the individual particles due to the brittle nature of this 
material and its peculiar morphology; a result corroborated when analyzing the 
particle size results. 
Observation of the micrographs obtained by electron microscopy, of the fracture 
surfaces of the compacts constructed at the highest level of compressive 
pressure, show the predominantly intergranular fracture character in CA and 
MG. However, for the carbonate RE, it can be observed individual sheet 
fractures. 
In Chapter 6 the experiments carried out in a pilot scale roll press (Tables 6.3 - 
6.7) are described, in order to verify the results obtained in the preceding 
chapters. 
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The fundamentals of roll compaction are complex because of its dependence 
on the material properties under test and the high number of parameters related 
to the operation of equipment. 
The materials to be compacted by forces of friction, must pass through the 
narrow area between the rolls where the greater tension generates an 
agglomerated sheet just off the press. 
As discussed in this chapter the success of the compact operation depends 
largely on the effectiveness of the feed system, which must therefore ensure a 
uniform and continuous flow of the material wanted to be agglomerated. 
The interest of this appliance is to simulate small-scale operating conditions 
employed in the usual feeding systems into the commercial roll presses, and to 
verify the results obtained in the uniaxial compression tests. 
The results demonstrate that calcium carbonate CA can be successfully 
compacted in a smooth roll pressing equipment using a compression force of 45 
kN and a feeding pressure of 45 kPa, fixing the gap between rolls in 0.10 mm. 
Nevertheless, the results obtained with magnesium carbonate samples are not 
entirely satisfactory, with this material requiring a high fines recycling ratio in 
order to improve the yield. 
With respect to the carbonate of marine origin RE, its fragility induces a great 
amount of cracks and defects on the edges, but the central regions of the 
sheets exhibit greater hardness. 
In Chapter 7 the results obtained in the preceding chapters are considered 
jointly, and provide an overview of the problems of agglomeration inherent to 
the three carbonate powders studied and allow the establishing of relationships 
between the physical and chemical properties and the subsequent behaviour, 
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highlighting the practical applications derived from the experimental work and 
as well as the achievements and the limitations and unresolved items 
encountered. 
Finally in Chapter 8 it is specified the scope of the study undertaken and how 
the work presented in this thesis meets the objectives outlined in the 
introductory chapter. 
The conclusions of the work are presented as follows: 
1.- With respect to the physical characterization: 
 It was found a direct relationship between the values obtained by 
determining the specific surface of magnesium carbonate (MG) and its 
behaviour in uniaxial compression. Besides, smaller particles of 
magnesium carbonate do not compact effectivelly because they exhibit a 
high hardness index. 
 The needle-shaped particles observed in the calcium carbonate from 
marine-origin (RE) are the cause of their behaviour at high pressure and 
undergo some degree of fragmentation of its individual particles. 
However, at low pressure, its compressibility index is greater than the 
other carbonates studied. This material presents a higher porosity 
although once the air inside the pores is removed, the smaller ones only 
collapse at higher values of consolidation pressure. Additionally this 
carbonate is characterized by a pronounced fragile nature and has a 
greater deformation capacity experiencing a greater reduction in its 
apparent volume. 
 Calcium carbonate (CA) has greater cohesive forces between individual 
particles, and the compressibility factor is much higher than the other 
carbonates studied. 
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2.- With regard to the flow properties and in accordance with the 
experimental testing of fluidization and shear tests: 
 Magnesium carbonate (MG) has better flow characteristics with respect 
to calcium carbonates compared, mainly due to physical factors such as 
particle size and its smaller cohesive forces between particles. 
 A comparison between flow indexes for each of the carbonates that 
identify its behaviour, is carried out and the parameters obtained (friction 
coefficient values, flow factors, yield stresses, consolidation stresses, 
etc) are consistent with the findings obtained by fluidization tests, shear 
testing and rheometry testing. 
3.- Concerning to the behaviour under uniaxial compression: 
 The net compression work necessary to construct compacts with the 
carbonates selected for this study, vary according to the applied 
compressive stress but it is always greater for carbonate MG. With 
respect to the elastic work it is greater for the carbonate RE. 
 The compressibility of binary mixtures clearly increases as RE is added 
to the mixture, especially in the case when blended with magnesium 
carbonate MG. However, the effect is divergent in the case of binary 
mixtures CA-RE, which shows that the behaviour of this mixture towards 
the compression work of adhesion is not as effective. 
 The addition of calcium sulfate hemihydrate increases, in all cases, the 
compressibility compared with the use of carbonates CA, MG and RE 
separately. 
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 The correlation between the mechanical strength, determined by the 
comparative method introduced, and the net compression work done 
indicates that the compacts made with calcium carbonate CA present a 
higher resistance with the advantage of requiring lower specific energy 
involved in its formation. This trend is not reflected in the other materials 
(MG and RE), since the formation of the compacts need higher 
compression work to reach, however, lower resistance. 
4.- From the experimental work conducted in the pilot roll-press it can be 
deduced: 
 Calcium carbonate (CA) can be compacted in a roller press using an 
upright force of 45 kN and pressures in the feed system above 45 kPa  
maintaining a roll gap of 0.10 mm with very satisfactory results. 
 Roll compaction is presented as a suitable method for the agglomeration 
of the carbonates studied, because it works as a continuous operation 
that promotes the formation of dense granules and do not require an 
additional drying stage which would increase the production costs.  
 
